INTRODUCTION
Colonization is a fundamental ecological process. The theory of colonization has been advanced to understand topics as diverse as the biology of dispersal (Clobert et al. 2001) , persistence of populations (Haccou & Iwasa 1996; Haccou & Vatunin 2003) and metapopulations (Diamond 1975; Hanksi 1999) , the evolution of life histories (Heino & Hanski 2001; Hanski et al. 2002) , and the maintenance of genetic (Hartl & Clark 1997) and species (Robinson & Dickerson 1987; Hubbell 2001) diversity. Increasing introductions of non-indigenous species (Carlton & Geller 1993; Ricciardi 2001 ) and genetically engineered organisms (Kareiva et al. 1996) have stimulated research about colonization processes so that risk analyses of anthropogenic introductions may be based on ecological theory (Mack et al. 2000) . Propagule pressure, the rate a species is introduced into an ecosystem, is a key element explaining why some populations persist while others do not (Forsyth & Duncan 2001; Kolar & Lodge 2001; Cassey et al. 2004; Lockwood et al. 2005) .
Evidence for effects of propagule pressure on population persistence has been compiled from observational and experimental studies. Recent reviews confirm that successful establishment of insects, zooplankton, fishes, birds and mammals is correlated with the number of organisms introduced (inoculum size) and with the number of introduction events (Veltman et al. 1995; Kolar & Lodge 2001; Duncan et al. 2003; Cassey et al. 2004; Lockwood et al. 2005) . However, so far only effects of inoculum size have been shown experimentally (Crowell 1973; Ebenhard 1989; Ahlroth et al. 2003) . Determining the effect of interactions between inoculum size and number of introductions is an important question for research (Lockwood et al. 2005) . Here, we report results of an experiment in which we used different levels of inoculum size and introduction frequency (number of introductions per unit time) to test for effects on persistence of water fleas (Daphnia magna). To our knowledge, this is the first demonstration of the effects of inoculum size and introduction frequency on persistence.
METHODS (a) Experiment
Daphnia are a common model for experimental population dynamics and have been used previously to study persistence Drake 2005) . Our experiment comprised seven replicate populations for two experimental factors (inoculum size and introduction frequency) at four levels each in a blocked arrangement for a total of 7!4 2 Z112 populations. Experimental microcosms were plastic containers filled with approximately 750 mL of groundwater and inoculated with different numbers of parthenogenetic (female) D. magna, depending on treatment. Factors were the number of individuals (2, 4, 6, or 8) added to the population during each introduction event, and the frequency at which introductions occurred (every 2, 4, 6, or 8 days). By using the frequency of introduction as our factor rather than the number of introductions, we can interpret the interaction biologically as the overall rate of immigration (immigration rateZsize!frequency). Thus, our design comprised 11 levels of immigration for many of which there are different combinations of inoculum size and frequency (table 1). Populations were initialized by their first introduction event and were counted daily. Introduced individuals of unknown age and size were haphazardly selected from stock populations and added to persisting populations after counting. No individuals were added to extinct populations. Non-extinct populations were maintained in a greenhouse for 41 days with natural photoperiod (ranging from 9.2 to 10.4 h of light) and ambient temperature ca 21 8C. Food was provided ad libitum as Selenastrum sp. cultured in a dilute solution of Alga-gro medium (Carolina Biological Supply Company).
(b) Hypotheses and statistical analysis (i) Hypothesis 1: realized population growth rate Realized population growth rate refers to the difference between final and initial population sizes. We expected the largest effect to be a positive relationship between immigration rate and final population size. However, inoculum size and introduction frequency might also affect final population size through their effect on demographic variance. We reasoned that after controlling for immigration rate, inoculum size would be negatively associated with population growth rate and introduction frequency would be positively associated with population growth rate as combinations of low frequency and large inoculum size would result in larger variance compared to combinations of high frequency and small population size for a given introduction rate. For example, two different ways of obtaining the immigration rate of one individual per day are to introduce one individual every day or two individuals every two days. The second case (larger inoculum size introduced less frequently) would result in a higher demographic variance, which might reduce realized population growth rate. Thus, we hypothesized that population growth rate would be positively related to immigration rate and introduction frequency and negatively related to inoculum size. We tested these hypotheses with multiple linear regression.
q 2005 The Royal Society (ii) Hypothesis 2: persistence We scored persistence according to whether or not each population was extant at the end of the experiment. Reasoning that immigration rate (the product of inoculum size and introduction frequency) is the most parsimonious explanation of persistence, we first tested for its effect with Kendall's t for non-parametric correlation, providing a conservative test of our hypothesis. Obtaining a significant result, we performed logistic regression to estimate any additional effects of inoculum size or introduction frequency.
(iii) Hypothesis 3: time-to-extinction Time-to-extinction is predicted to decrease with demographic variance. Reasoning as above, we predicted that for a given immigration rate combinations of low frequency and large inoculum size would result in larger demographic variance reducing time-to-extinction. We tested for effects of experimental factors on time-to-extinction with Cox proportional hazards regression for right-censored observations (Cox & Oakes 1984) .
RESULTS (a) Hypothesis 1: realized population growth rate
Population size on the final day of the experiment (day 41) increased with introduction frequency and inoculum size (figure 1). Not surprisingly, immigration rate had a significant effect on final population size ( p!0.0001; R 2 fullmodel Z 0:46). Introduction frequency also had a significant positive effect on final population size ( pZ0.007), while there was no detectable effect of inoculum size ( pZ0.928).
(b) Hypothesis 2: persistence Of 112 total populations, 12 (10.7%) went extinct during the 41 day duration of the experiment. For all populations that went extinct, the mean time to extinction was 13.2 days (s.d.Z13.3 days; figure 2). Consistent with our prediction, immigration rate was positively correlated with persistence (Kendall's tZ0.28, p!0.0001). As expected, immigration rate had a significant positive effect on persistence in logistic regression ( pZ0.009). Neither inoculum size nor introduction frequency was significant when included as covariates, either separately or in a single model (aZ0.05).
(c) Hypothesis 3: time-to-extinction Minimum and maximum times-to-extinction were 5 days and 41 days, respectively. We fit Cox regressions to all five possible combinations of the two experimental factors (table 2). Coefficients were never significant for anything other than immigration rate in models with both immigration and one or both of inoculum size and introduction frequency, providing no evidence that inoculum size or introduction frequency contributed to time-to-extinction beyond their contribution to introduction rate (table 2: models 1, 2 and 3). The remaining two models represent additive (model 4: inoculum sizeC introduction frequency) and multiplicative (model 5: immigration rateZinoculum size!introduction frequency) effects of experimental factors, respectively. The negative log-likelihood scores for these models differ only by 1.3, suggesting that there is no difference between the additive and multiplicative models. Indeed, the maximum difference among all models was only 1.4. Propagule pressure and persistence J. M. Drake and others 481 4. DISCUSSION Theories in conservation biology (Diamond 1975) , metapopulation ecology (Hanksi 1999), population ecology (Haccou & Iwasa 1996; Matis & Kiffe 2000; Haccou & Vatunin 2003) and invasion biology (Leung et al. 2004; MacIsaac et al. 2004) have emphasized the importance of immigration for population persistence. Though the contribution of immigration to population growth rate is typically small, immigration is of considerable importance in stochastic models (Bailey 1964; Renshaw 1991; Matis & Kiffe 2000) , and in nature, where rescue effects dramatically enhance growth of nearly extinct populations (Brown & Kodric-Brown 1977; Gotelli 1991) .
We have shown that for a model system immigration rate was positively associated with persistence, final population size, and time-to-extinction, consistent with theory (Haccou & Iwasa 1996; Haccou & Vatunin 2003) . Further, in our experiment about half of the variation in final population size was explained by experimental factors associated with immigration (R 2 Z0.46), leaving demographic stochasticity and residual uncontrolled variation to account for the remainder. The fact that immigration accounted for such a large fraction of the overall variation in observed population sizes underscores its importance for population persistence and growth in small populations; in this case, immigration was at least as important as demographic stochasticity, which is far more commonly studied.
How the components of propagule pressureinoculum size and introduction frequency-affect persistence in assemblages of multiple species is currently unknown, though there is a body of research on the effect of introduction rate on species richness (e.g. Robinson & Dickerson 1987; Robinson & Edgemon 1988) . We speculate that introduction frequency will be crucial to persistence of populations with low average individual fitness resulting from inter-specific interactions, particularly in competitively structured communities that, if unperturbed, eventually result in exclusion. As initial colonization and persistence of introduced propagules in such communities is affected by environmental fluctuations (Davis et al. 2000) , the interaction of environmental variation and immigration rates on different time scales is an important topic for research. 
